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Abstract 

Avian pathogenic Escherichia coli (APEC) cause severe respiratory and systemic disease in poultry yet the nature and 
consequences of host immune responses to infection are poorly understood. Here, we describe a turkey sub-acute 
respiratory challenge model and cytokine, cell-mediated and humoral responses associated with protection against 
homologous re-challenge. Intra-airsac inoculation of turkeys with 10 5 colony-forming units of APEC 078:H9 strain 
x7122nal R induced transient and mild clinical signs of colibacil losis followed by clearance of the bacteria from the 
lungs and visceral organs. Upon re-challenge with 10 7 x7122nal R , primed birds were solidly protected against clinical 
signs and exhibited negligible bacterial loads in visceral organs, whereas age-matched control birds exhibited high 
lesion scores and bacterial loads in the organs. Levels of mRNA for signature cytokines suggested induction of a 
Th1 response in the lung, whereas a distinct anti-inflammatory cytokine profile was detected in the liver. 
Proliferative responses of splenocytes to either Concanavalin A or soluble /71 22nal R antigens were negligible prior to 
clearance of bacteria, but APEC-specific responses were significantly elevated at later time intervals and at re-challenge 
relative to control birds. Primary infection also induced significantly elevated x7122nal R -specific serum IgY and bile IgA 
responses which were bactericidal against ,\7122nal R and an isogenic Arfb mutant. Bactericidal activity was observed in 
the presence of immune, but not heat-inactivated immune serum, indicating that the antibodies can fix complement 
and are not directed solely at the lipopolysaccharide O-antigen. Such data inform the rational design of strategies to 
control a recalcitrant endemic disease of poultry. 



Introduction 

Avian pathogenic Escherichia coli (APEC) are a leading 
cause of morbidity and mortality in poultry and exert 
significant economic and welfare costs. Infections are fre- 
quentiy associated with sudden death, salpingitis, periton- 
itis, pericarditis, perihepatitis, airsacculitis and with reduced 
yield, quality and hatching of eggs. Analysis of the reper- 
toire of virulence-associated genes among APEC has in- 
dicated that some strains are closely related to E. coli 
causing human extraintestinal infections, in particular 
uropathogenic E. coli and neonatal meningitis -causing 
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E. coli, indicating that they may also pose a threat of 
zoonosis [1,2]. Serogroups Ol, 02 and 078 are com- 
monly associated with avian colibacillosis; however, many 
other serogroups have been isolated from diseased birds 
and the prevalence varies with geographical location 
reviewed in [3,4]. Respiratory viral or Mycoplasma infec- 
tions, the onset of sexual maturity and stress associated 
with sub-optimal husbandry practices are leading anteced- 
ents to colibacillosis in farmed poultry. Despite improve- 
ments in poultry production systems over the years, APEC 
continue to pose a formidable challenge to poultry farmers, 
threatening food security at a time of increasing global de- 
mand. The expansion of free-range production systems in 
Europe and elsewhere may be expected to increase the in- 
cidence of colibacillosis owing to greater exposure of 
farmed birds to environmental pathogens, stress and injury 
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associated with formation of a social hierarchy. Indeed, in 
field surveys colibacillosis was the most common bacterial 
infection in birds reared free-range (with cases peaking 
between onset of lay and 30 weeks of age) and a positive 
correlation between vent-pecking and the incidence of 
colibacillosis was reported [5,6]. 

Systemic APEC infections are believed to arise from 
colonisation of the lower respiratory tract following in- 
halation of contaminated faecal dust, where levels can 
reach up to 10 viable E. coli per gram in poultry houses 
[7], Colonisation of the airsacs is enhanced by suppres- 
sion of muco-ciliary activity and other upper respiratory 
tract defences resulting from concurrent infections and 
elevated ammonia levels in poultry houses. Avian airsacs 
are relatively avascular structures lacking effective resident 
defence mechanisms [8], hence control of pathogens is 
thought to be reliant upon recruitment of heterophils and 
macrophages [9]. The mode of translocation of APEC 
from the respiratory tract to the bloodstream is ill-defined. 
APEC can be found in the bloodstream as early as 3 hours 
after intra-airsac inoculation of naive birds [10,11], and 
the immune responses that constrain such spread are un- 
clear. Systemic spread of APEC may be followed by sepsis 
or localised inflammation in survivors involving extensive 
heterophil infiltration in organs of the reticulo-endothelial 
system [12-14]. 

Prophylactic use of antibiotics to control APEC in poultry 
is restricted owing to the risk of residues entering the food 
chain and the potential for the evolution of multi-drug re- 
sistant strains. Vaccination offers an attractive route to 
control APEC and inactivated and live-attenuated vaccines 
are commercially available. Autologous bacterins are ef- 
fective but confer serogroup-specific protection and are 
believed to act principally through induction of humoral 
responses. The serogroup-specificity of such vaccines has 
been inferred to be due to the dominance of responses to 
the lipopolysaccharide O antigen. As avian colibacillosis is 
caused by multiple APEC serotypes, a requirement exists 
for broadly cross-protective vaccines. Earlier studies indi- 
cate that live-attenuated APEC vaccines or a low dose of 
virulent APEC confer a higher degree of cross-serogroup 
protection compared to killed vaccines [15,16], however, 
the immunological basis of protection has not been prop- 
erly dissected. Although passively-administered hyperimmune 
serum conferred protection in intact birds [15,17,18], the 
contribution of innate defenses and cell-mediated immun- 
ity to the control of APEC in the avian host remains 
ill-defined. A better understanding of the nature and con- 
sequences of avian responses to APEC infection, and their 
association with recovery from primary infection and pro- 
tection against re-challenge, can be expected to inform 
the rational design of control strategies. 

In this study, we developed a model of sub-acute 
APEC 078:H9 infection in turkey poults and examined 



cytokine and antigen-specific cell-mediated and humoral 
responses prior to and after homologous re-challenge. 

Materials and methods 

Bacterial strains, media and growth conditions 

APEC strain /7122nal R was obtained from Professor John 
Fairbrother (University of Montreal, Quebec, Canada) and 
belongs to serotype 078:H9. Strain /7122 was originally 
isolated from the liver of a turkey with fatal colibacillo- 
sis [19]. Strain j7122nal is a spontaneous nalidixic acid- 
resistant derivative of the original strain [20], which has 
been fully sequenced and used in studies on the molecular 
basis of virulence of APEC in turkeys [21]. Strain j7145nal R 
is an isogenic Arjb derivative of ^7122nal R lacking the 
lipopolysaccharide O antigen [20] . The strains were stored 
in Luria-Bertani (LB) broth containing 15% (v/v) glycerol 
at -80 °C. For preparation of inocula, an overnight LB 
broth culture of strain j7122nal R was harvested by centri- 
fugation, washed three times in sterile physiological saline 
and re-suspended to a volume equating to ca. 10 6 colony- 
forming units (CFU) per mL for primary challenge or ca. 
10 CFU/mL for re-challenge. Bacteria were enumerated 
by retrospective plating of serial ten-fold dilutions of inoc- 
ula or tissue homogenates using MacConkey agar (Oxoid, 
Basingstoke, UK) supplemented with 25 ug/mL of nali- 
dixic acid (Mac + Nal). If required, prior enrichment was 
performed in brain heart infusion (BHI) broth overnight 
at 37 °C 

Experimental animals 

Animal experiments were conducted according to the re- 
quirements of the Animal (Scientific Procedures) Act 
1986 (licence no. 30/2463) with the approval of the Local 
Ethical Review Committee. Ninety male Big5FLX turkeys 
were obtained from Aviagen Ltd. (Tattenhall, Cheshire, 
UK) as day-old poults. The poults were housed in biose- 
cure accommodation to specific pathogen-free status on 
floor litter according to the guidelines issued by Aviagen 
Ltd. to simulate commercial practice. Water and a stand- 
ard turkey feed ration were provided ad libitum for the 
duration of the experiment. 

Primary and secondary infection with APEC strain 
X7122nal R 

At two weeks of age, birds were divided into two groups 
(45 birds each) and housed separately. The first group 
was inoculated with 10 5 CFU of washed stationary phase 
j7122nal R in 100 uL of saline by injection into the left 
caudal thoracic airsac and the second control group re- 
ceived 100 uL of sterile saline at the same site. Birds 
were closely monitored (at least every 3 h) for signs of 
disease for 3 days post-infection (dpi) and thereafter 
twice daily for the duration of the experiment. On days 
1, 3, 5, 7, 14, 21 and 28 after primary infection, five birds 
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were randomly removed from each group, killed hu- 
manely and subjected to post-mortem analysis. From 
each bird, pieces of liver and lung were collected in 
RNAlater (Ambion, Warrington, UK) for cytokine ana- 
lysis, and the remainder was saved for enumerating bac- 
teria. The spleen was collected into ice-cold RPMI1640 
medium for T cell re-stimulation assays and blood and 
bile were collected for serology. 

On day 41 post-primary challenge, all the remaining 
birds (10 in each group) were inoculated into the right 
caudal thoracic airsac with 10 CFU of strain /7122nal 
in 100 uL of saline and monitored overnight for clinical 
signs. After 24 h, all the birds were killed humanely and 
subjected to post-mortem analysis. The appearance of le- 
sions defining acute colibacillosis (airsacculitis, perihepati- 
tis, pericarditis and fibrin deposits on serosal surfaces) was 
recorded. Part of the spleen was collected for T cell prolif- 
eration assays. Lung, liver, kidney and the remaining 
spleen tissue were sampled to enumerate bacteria and 
blood and bile were collected for serology. 

Enumeration of viable APEC strain x7122nal R in tissues 

Viable tissue-associated bacteria were enumerated essen- 
tially as described [21]. Briefly, 1 g of tissue was weighed 
and mixed with 9 mL of sterile phosphate-buffered saline 
(PBS) and suspended with an UltraTurrax homogenizer 
(IKA'Werke, Staufen, Germany) at room temperature to 
obtain a 1:10 dilution. Serial 10-fold dilutions were pre- 
pared in PBS and plated in triplicate on Mac + Nal agar 
and incubated at 37 °C overnight. The theoretical lower 
limit of detection by this method was 2 logio CFU per 
gram. Enrichment cultures were also performed in which 
1 mL of tissue homogenate was cultured in 9 mL BHI 
broth, to give a theoretical lower limit of detection of 1 
logio CFU per gram. Selected nalidixic acid resistant col- 
onies were analysed by multiplex polymerase chain reac- 
tion (PCR) for virulence-associated genes of APEC (cvaC, 
iss, iucD and tsh) using oligonucleotide primers listed in 
Table 1 and by slide agglutination with 078-specific anti- 
serum (Veterinary Laboratories Agency, Weybridge, UK) 
to confirm re-isolation of the challenge strain. 

Total RNA extraction and real-time quantitative RT-PCR 
for cytokine mRNA 

Approximately 15 mg of lung and liver sampled at the 
time intervals indicated above were separately homogenized 
in 600 uL of RLT lysis buffer (Qiagen, Crawley, UK) using a 
bead mill (Retsch MM300, Retsch, Haan, Germany) and 
Qiashredders (Qiagen). Total RNA was extracted from ho- 
mogenates using an RNeasy mini kit (Qiagen) following 
the manufacturer's instructions. Purified RNA was eluted 
with RNase-free water and stored at -20 °C prior to use. 

TaqMan real-time quantitative reverse transcriptase 
polymerase chain reaction (qRT-PCR) was used to quantify 



mRNA levels of a proinflammatory cytokine (IL-lp), a 
proinflammatory chemokine (CXCLi2), a Thl signa- 
ture cytokine (interferon (IFN)-y), a Th2 signature cytokine 
(interleukin (IL)-13) and two T regulatory cytokines (IL-10 
and TGF-p4), with 28S rRNA as a housekeeping gene, 
essentially as described [26,27]. Primers and probes spe- 
cific for turkey mRNAs are given in Table 1. Briefly, qRT- 
PCR was performed using the Master Mix RT-PCR kit 
(Eurogentec, Seraing, Belgium). Amplification and detec- 
tion of specific products were performed using the 
Applied Biosystems 7500 Fast Real-Time PCR System 
with the following cycle profile: one cycle at 48 °C for 
30 min and 95 °C for 20 s, followed by 40 cycles at 95 °C 
for 3 s and 60 °C for 30 s. Quantification was based on 
increased fluorescence detected due to hydrolysis of the 
target-specific probes by the 5 'exonuclease activity of the 
rTth DNA polymerase during PCR amplification. The pas- 
sive reference dye 6-carboxy-c-rhodamine, not involved in 
amplification, was used for normalisation of the reporter 
signal. Data are expressed in terms of the cycle threshold 
value (Ct), normalised for each sample using the Ct value 
of 28S rRNA product for the same sample, as described 
previously [26,27]. Final results are shown as corrected 
ACt, using the normalised value. 

Preparation of soluble APEC antigens and 078 
lipopolysaccharide 

LB broth (100 mL) containing 25 ug/mL nalidixic acid 
was inoculated with APEC strain /7122nal R and incubated 
in a 250 mL Erlenmeyer flask overnight with shaking at 
37 °C. Stationary phase bacteria were collected by centri- 
fugation at 4000 x g for 30 min at 4 °C, washed 3 times, 
re-suspended in 2 x 10 mL PBS and stored on ice. Bacter- 
ial cells were disrupted by sonication (for a total of 2 min 
with 20 s cooling intervals using a Sonicator XL ultra- 
sonic processor (Heat Systems Inc., Farmingdale, NY, USA). 
Cell debris was removed by centrifugation (1000 xg for 
10 min) at 4 °C. The supernatant was further centrifuged 
at 30 000 x g for 30 min at 4 °C to remove the insoluble 
fraction. The supernatant containing soluble APEC anti- 
gens was collected and kept on ice. The total protein con- 
centration was determined by a colorimetric assay using 
the bicinchoninic acid method (Pierce Biotechnology Inc., 
Rockford, IL, USA) before the soluble fraction was dispensed 
into single-use aliquots and stored at -70 °C until required. 

078 lipopolysaccharide (LPS) was purified from 2 mL 
of an overnia ht culture of strain j7122nal (OD 600 = 1.2) 
using a commercial LPS extraction kit (Chembio Ltd, 
Hertfordshire, UK) as per the manufacturer's protocol. 
Approximately 30 ug of purified LPS was obtained from 
2 mL culture and stored at 4 °C prior to use. Purity and 
integrity of LPS was confirmed by silver-staining of ex- 
tracts resolved by sodium dodecyl sulphate polyacryl- 
amide gel electrophoresis (SDS-PAGE). 
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Table 1 Real-time quantitative RT-PCR probes and primers for turkey cytokines and primers for APEC genes used in 
this study 



Target 
Cytokines 

28S 



IL-ip 

CXCU2 

IFN-y 

IL-13 

IL-10 

TGF-|34 

APEC genes 

iss 

iucD 

cvi/cvaC 

tsh 



Primer/Probe 

Probe 

Forward 

Reverse 

Probe 

Forward 

Reverse 

Probe 

Forward 

Reverse 

Probe 

Forward 

Reverse 

Probe 

Forward 

Reverse 

Probe 

Forward 

Reverse 

Probe 

Forward 

Reverse 

Forward 
Reverse 
Forward 
Reverse 
Forward 
Reverse 
Forward 
Reverse 



Sequence (5'- 3') 

(FAM)-AGGACCGCTACGGACCrCCACCA-(TAMRA) 

GGCGAAGCCAGAGGAAACT 

GACGACGGATTTGCACGTC 

(FAM)-CGACAGTGCAGGTGGAGGAAGCG-(TAMRA) 

GCTCTACATGTCGTGTGTGATGAG 

TGTCGATGTCCCGCATGA 

(FAM)-TCnTACGAGCGTCCTACCTTGCGACA-TAMRA 

GCCCTCCTCCTGGTTTCAG 

TGGGACGGCAGCTCATT 

(FAM)-AAAGATATGATGGACCTGGCGAAGCTTCA-(TAMRA) 

AACCTTCCTGATGGCGTGAA 

CTTGCGCTGGATTCTCAAGTC 

(FAM)-TGGCAGGTGAGCACCGACAAGG-rrAMRA) 

CCTGGACGGCCAGATGA 

GGCAAGAAGTFCGGCAGGTA 

(FAM)-CGTGAAGATGAGAATGAAGCGCTGTCA-(TAMRA) 

CGACCTGGGCAAGATGCT 

CCTCTCGCAGGTGAAGAAGTG 

(FAM)-ACCCAAAGGTTATATGGCGAACTTCTGCAT-(TAMRA) 

AGGATGTGCAGTGGAAGTGGAT 

CCCGGGGTTGTGTTGGT 

ATCACATAGGATTCTGCCG 

CAGCGGAGTATAGATGCCA 

ACAAAAAGTTCTATCGCTTCC 

CCTGATCCAGATGATGCTC 

TGGTAGAATGTGCGAGAGCAAG 

GAGCTGTTTGTAGCGAAGGC 

ACTATTCTCTGCAGGAAGTC 

CTTCCGATGTTCTGAACGT 



Species 



C, T 



C,T 



C,T 



Reference 



[22] 



C, T 



[22] 
[23] 
[23] 
[23] 
[23] 
[23] 

[24] 
[25] 
[24] 
[24] 



C = chicken, T = turkey. 

Isolation of splenocytes and T cell proliferation assays 

Single splenocyte suspensions were prepared essen- 
tially as described [28]. Briefly, spleen tissue was passed 
through a Falcon cell strainer (BD Biosciences, Oxford, 
UK) in RPMI1640 medium (GibcoBRL, Paisley, UK) sup- 
plemented with 100 U/mL penicillin, 1 ug/mL strepto- 
mycin and 5% (v/v) foetal calf serum. The majority of 
red blood cells were removed by gentle centrifugation at 
35 x g for 10 min. The supernatant primarily comprised 
lymphocytes, a few red blood cells and accessory cells 
as assessed by light microscopy of a Giemsa-stained 
smear. The cells were adjusted to a concentration of 
5 x 10 s cells/mL in RPMI1640 supplemented with 5% 



(v/v) foetal calf serum and dispensed into micro-titre 
plates in 100 uL per well. For re-stimulation, 5 ug/mL of 
APEC soluble antigen or 4 ug/mL of Concanavalin A 
were added per well as required. When necessary, spleno- 
cytes were stimulated with 0.3 ug of purified LPS ser- 
ogroup 055:B5 (Sigma, St Louis, MO, USA). After 24 h 
of incubation at 41 "C, 5% C0 2 , the cell suspensions 
were pulsed with 1 uCi 3 H-thymidine (Amersham, Little 
Chalfont, UK) per well. The plates were incubated for a 
further 16 h at 41 °C before harvesting with a Tomtec 
Mach IIIM cell harvester (Receptor Technologies, Banbury, 
UK). Incorporation of H-thymidine was measured using a 
1450 Microbeta Trilux Scintillation counter (Perkin-Elmer, 
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Beaconsfield, UK) and is expressed as mean counts per 
minute (cpm). 

Enzyme-linked immunosorbent assay (ELISA) 

Nunc 96-well ELISA plates were coated with 1 ug of sol- 
uble APEC antigen or 0.6 ug of purified 078 LPS in 
100 uL of coating buffer (KPL Inc., Gaithersburg, MD, 
USA) overnight at 4 °C. Excess antigen was removed by 
washing the Plates 3 times in PBS supplemented with 
0.05% (v/v) Tween-20 (PBS-T). The plates were blocked 
with PBS-T containing 5% (w/v) skimmed milk (blocking 
buffer) for 1 h at room temperature with gentle agitation 
and then washed once in PBS-T. Pre-determined sample 
dilutions of serum (1:640) or bile (1:2) in PBS-T plus 0.5% 
(w/v) skimmed milk were added to antigen-coated wells 
and incubated at room temperature for 1 h with gentle 
agitation. Excess antibodies were removed by washing 3 
times in PBS-T. Plates containing serum were incubated 
with a 1:2000 dilution of goat anti- turkey IgY (H + L) 
horse-radish peroxidise conjugate (KPL Inc., Gaithersburg, 
Maryland, USA) whilst plates containing bile were incu- 
bated with a 1:10 000 dilution of goat anti-chicken IgA 
(Serotec, Oxford, UK) at room temperature for 1 h. After 
removal of excess secondary antibodies, tetramethylbenzi- 
dine substrate (TMB, Sigma) was added and the plates 
incubated in the dark at room temperature for 10 min. 
Colour formation was stopped with 2 M sulphuric acid. 
The absorbance was read at 450 nm (OD 450 ) with a back- 
ground correction of 630 nm. 

In vitro bactericidal activity of immune and non-immune 
sera 

To assess bactericidal activity of APEC-specific antibodies, 
E. coli strains j7122nal R and /7145nal R (an isogenic Arfb 
mutant) were cultured in sera derived from challenged 
and control birds obtained at day 42 as described [29]. 
Briefly, overnight broth cultures were sub-cultured in 
fresh LB broth, grown to mid-logarithmic phase, har- 
vested, washed and adjusted in PBS to approximately 
10 8 CFU per mL. For each strain, 100 uL of bacterial 
suspension was separately mixed with 900 uL of im- 
mune serum, non-immune serum or LB broth (positive 
control) and incubated statically at 37 °C. Bacterial counts 
were determined by plating serial ten-fold dilutions of 
20 uL sampled from each mixture at 0, 1, 2 and 3 h of in- 
cubation. When required, complement was inactivated by 
incubating sera at 56 °C for 1 h prior to the assays. The 
data presented for each strain are the mean of three inde- 
pendent assays performed in triplicate per serum sample. 

Statistical analyses 

Statistical analysis of data from splenocyte re-stimulation 
and ELISA assays for infected and control groups was 
carried out using a Mann-Whitney U-test [30]. For the 



cytokine analyses, a one-way analysis of variance (ANOVA) 
was performed to detect differences between mean values, 
which were then analysed further for significance with 
Tukey's test. Bacterial counts from tissues were analysed 
using a Student's i-test. Bacterial survival in sera was 
analysed by an F-test, with the bacterial counts taken 
as repeated measurements and the growth medium as a 
covariant (Proc Mixed, Statistical Analysis System 1995, 
SAS Institute, Cary, NC, USA). In all cases, P values < 0.05 
were considered significant. 

Results 

Development of a turkey model of sub-acute primary 
APEC 078:H9 infection 

Intra-airsac inoculation of two-week-old turkey poults 
with 10 s CFU of APEC 078:H9 strain j7122nal R re- 
sulted in mild clinical signs (ruffled feathers, hunched 
posture and depression) which resolved within 24 h in 
all the challenged birds. Such clinical signs were absent 
in the control group that received sterile saline via the 
same route. After 24 h, APEC-challenged birds remained 
normal in appearance for the duration of the study. Five 
birds were randomly sampled per group to determine 
the level of bacterial colonisation, the degree of path- 
ology and the induction of splenocyte responses. At 
post-mortem examination, pathological lesions including 
all or one of; airsacculitis, pericarditis, perihepatitis and 
fibrin deposits on serosal surfaces were observed in all 
APEC-infected birds killed at days 1 and 3 post-infection 
(pi) (Table 2), but not in control birds. Enumeration of 
tissue-associated APEC revealed ca. 10 CFU nalidixic acid- 
resistant E. coli per gram of lung and liver tissues 1 day 
after infection (Figure 1). The number of birds exhibiting 
lesions decreased with time (Table 2) consistent with the 
declining numbers of nalidixic acid- resistant E. coli recov- 
ered from the tissues (Figure 1). All colonies examined 
were shown to possess the 078 antigen and genes found 
in y7122nal R but not most avian faecal E. coli. No E. coli 
were isolated from the organs of any bird in the control 
group at any time. At day 14 pi, none of the APEC- 
infected birds yielded bacteria from either the lung or liver 
by direct plating or enrichment, implying that they had 
cleared the infection. Minimal variance was detected in 
bacterial numbers in the organs sampled or clinical signs, 
reducing the likelihood of highly variable host responses. 

Analysis of cytokine mRNA levels following primary APEC 
078:H9 infection 

Very different patterns of cytokine mRNA expression 
were seen in the lung and liver of APEC-infected birds. 
In the lung (Figure 2), cytokine mRNA levels were sug- 
gestive of a Thl response. IL-ip mRNA levels were 
up-regulated in challenged birds, compared to levels in 
age-matched control birds, from days 1-14 pi, although 
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Table 2 The relationship between clinical signs, post-mortem lesions, recoveries of APEC strain /7122nal R from lung 
and liver and splenocyte proliferation in response to/7122nal R soluble antigen in the first 14 dpi 

Parameter Dpi 





Day 1 






Day 3 




Day 5 




Day 7 




Day 14 






Bird number 




Bird number 




Bird number 




Bird number 




Bird number 






1 


2 


3 4 


5 


6 7 8 9 


10 


11 12 13 


14 


15 16 17 18 19 


20 


21 22 23 24 


25 


Clinical signs 1 


+ 


+ 


+ + 


+ 


















Post-mortem lesions 2 


+ 


+ 


+ + 


+ 


+ + + + 


+ 


+ + + 




+ - - 








Log, 0 CFU APEC 


























Lung 


8.9 


7.6 


7.2 7.5 


7.6 


6.1 5.2 4.2 5.1 


6.8 


5.3 4.2 6.4 


5.4 


5.3 5.2 4.2 7.0 5.8 


5.6 


0 0 0 0 


0 


Liver 


8.3 


/.I 


6.5 5.9 


6.1 


4.7 4.2 1.0* 1.0* 


1.0* 


4.2 1.0* 4.5 


1.0* 


0 3.2 3.3 1.0* 0 


0 


0 0 0 0 


0 


Splenocyte proliferation 3 


















+ a - - - + a 


+ a 


+ b + b + b + b 


+ b 


depression, ruffled feathers, hunched posture. 

2 Airsacculitis, pericarditis, perihepatitis, fibrin on serosal surfaces; + = presence any 


of the clinical or 


pathological signs; - = absence of 


any 


observable clinical or 





pathological signs. None of these clinical signs or post-mortem lesions was seen in the control group of birds given sterile saline. 
3 Splenocyte proliferation, - = no response; + a = counts between 200-250 cpm; + b = counts > 2000 cpm. 

Bacterial recoveries from lung and liver are given as log 10 CFU. *= denotes a theoretical value of bacteria obtained after enrichment. 



only statistically significantly (P < 0.05) so at days 3 and 
14. Levels of mRNA for IFN-y, the signature Thl cytokine, 
were up-regulated from daysl-21 pi, but were statistically 
significantly different only at day 5. A mixed pattern was 
seen with the signature anti-inflammatory cytokines of a T 
regulatory response, IL-10 and TGF-|34. IL-10 mRNA ex- 
pression levels were up-regulated in challenged birds from 
days 1-7 pi, statistically significantly so at day 5, whereas 
mRNA expression levels of TGF-|34 were down-regulated 
post-challenge throughout the experiment, with statisti- 
cally significant differences at days 5, 21 and 28. In the 
liver (Figure 3), cytokine mRNA expression levels were 
suggestive of an anti-inflammatory response. In general, 
mRNA expression levels of the pro-inflammatory innate- 
induced cytokines IL-1(3 and CXCLi2 were down-regulated 
following challenge (statistically significant from day 5-28 




Days post-infection 

Figure 1 Recoveries of nalidixic acid-resistant E. coli after 
primary infection. Two-week-old turkey poults were given 10 5 CFU 
of APEC 078:H9 strain x7122nal R via the intra-airsac route. Five birds 
were randomly selected, humanely killed and lung (open bars) and 
liver (shaded bars) sampled for enumeration of bacteria at each 
time-point. The data represent the mean log 10 CFU/g tissue ± 
standard error (SE) of the mean. 



pi for IL-ip, and days 3, 5, 14 and 21 pi for CXCLi2). IFN- 
y mRNA expression levels were also down-regulated from 
days 3-28 pi (statistically significant at days 14-28 pi). In 
contrast, IL-13 mRNA expression levels were up-regulated 
from day 5-28 pi, although none of the observed differ- 
ences were statistically significant. The most obvious differ- 
ences between challenged and control birds in the liver 
were seen for the T regulatory cytokines. Both were up- 
regulated post-challenge, with these differences being sta- 
tistically significant for IL-10 throughout the experiment 
and for TGF-|34 from day 3 pi for the remainder of the 
experiment. 

Primed birds are solidly protected against homologous 
re-challenge 

To evaluate if primary infection could protect turkey 
poults against homologous re-infection, we inoculated 
10 birds from the control and APEC-primed groups with 
10 CFU of strain /7122nal on day 41 post-primary in- 
oculation. At 24 h post-inoculation, 4/10 birds previ- 
ously primed with APEC had ruffled feathers and brief 
periods of anorexia (which lasted no more than 4 h) and 
the remainder had no clinical signs, whilst the group that 
was previously mock-infected exhibited clinical signs of 
acute colibacillosis as defined above, as well as lesions typ- 
ical of acute colibacillosis at post-mortem examination 
(Table 2). Consistent with such signs and lesions, signifi- 
candy higher numbers of bacteria were recovered from 
visceral organs of birds in the control group compared to 
the APEC-primed group (Figure 4). 

Proliferative responses of splenocytes to APEC antigens 
after primary or mock infection 

To evaluate whether primary infection induced cellular 
immune responses specific to APEC antigens, we per- 
formed ex vivo stimulation assays on splenocytes from 
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ACt values ±SE, in the lungs of challenged (grey bars) and age-matched control (black bars) chickens. Five challenged and three control birds 
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infected and control birds at the same intervals when 
bacterial counts were quantified in the lung and liver. In 
APEC-infected birds, the mean proliferation of spleno- 
cytes in response to Concanavalin A or soluble antigens 
from j7122nal was low or absent on days 1, 3, 5 and 7 
pi compared to their mock-infected counterparts, albeit 
that variation in the response of splenocytes from con- 
trol birds existed at these times (Figures 5A-B), possibly 
arising from the out-bred nature of the birds. Statisti- 
cally significant proliferative responses to j7122nal R sol- 
uble antigen were observed in infected birds relative to 
the control group from day 14 pi onwards, coinciding 
with a time-point when ^7122nal R was not recovered 
from tissues. Such responses were absent in the control 
group after re-challenge (day 42 pi) consistent with the 
recovery of high numbers of j7122nal R in tissues includ- 
ing the spleen. 

Primary APEC infection elicits antigen-specific IgY and IgA 
responses 

To determine if resistance to homologous re-challenge 
could be associated with humoral responses, we measured 



APEC-specific serum IgY and bile IgA levels. Protected 
birds had significantly higher levels of serum IgY anti- 
bodies specific to both the / \'7122nal R soluble antigen 
and 078 LPS compared to the control group (Figures 6A 
and B). Levels of APEC-specific IgY rose over time and 
were significantly different from mock-infected birds from 
7 days post- primary infection (Figure 6A). A significantly 
higher level of IgA specific to j7122nal soluble antigen 
was observed in bile samples from protected APEC- 
primed birds compared to control birds at post-mortem 
examination on day 42 (Figure 6C). 

Serum from protected birds is bactericidal in vitro 

To determine if immune serum was bactericidal, we 
performed in vitro assays to quantify antibody-directed 
complement-mediated killing. A log 10 -fold reduction in 
the number of viable bacteria was obtained 2-3 h after in- 
cubation with serum from birds infected with / \'7122nal R 
compared to that from control mock-infected birds 
(Figure 7A). To determine if this was a consequence of 
complement fixation, parallel assays were undertaken with 
heat-inactivated sera. Net replication of strain j7122nal R 
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was similar in heat-inactivated immune and in non- 
immune sera (Figure 7A). On the other hand, the net 
growth of the isogenic Arfb mutant was mildly impaired 
by non-immune sera, but severely inhibited by immune 
serum (Figure 7B). 

8-, 

□ Control 




APEC-primed 



Lung Liver Spleen Kidney 



Organ 

Figure 4 Recoveries of nalidixic acid-resistant E. coli from 
internal organs after homologous re-challenge. APEC-primed 
turkeys (n = 10) and their age-matched controls (n = 10) were 
challenged with 10 7 CFU of APEC strain x7122nal R via the intra-airsac 
route and sampled after 24 h. The data represent the mean 
log 10 CFU/g tissue ± standard error of the mean* = P < 0.05; 
** = P< 0.01; *** = P< 0.001. 



Discussion 

To study the immunological basis of clearance of pri- 
mary APEC infection we elected to infect two-week-old 
turkey poults by the intra-airsac route, as previous studies 
using turkeys older than three weeks of age failed to elicit 
classical signs of colibacillosis and recoveries of APEC 
from tissues were low [13,31]. Mitogenic responses of 
turkey peripheral T cells develop rapidly after hatch and 
reach adult levels by two weeks-of-age [32], therefore we 
do not consider such birds to be immunologically imma- 
ture. Whilst APEC may persist in the alimentary tract of 
healthy birds [33], the respiratory tract is considered a sig- 
nificant route of infection leading to systemic disease. 
Aerosol, intra-tracheal, intranasal and intra-airsac incoula- 
tion have been used to study APEC virulence factors, 
antibody-mediated passive protection, genetic susceptibil- 
ity, efficacy of antimicrobial compounds and to evaluate 
candidate vaccines [10,11,15,34-36]. The merits and short- 
comings of each of these respiratory infection models have 
been reviewed [37]. Inoculation of APEC into the airsac of 
healthy birds not only ensures that a standard dose is de- 
livered at the site of natural infection [21], but circum- 
vents upper respiratory mucosal defences that may reduce 
the number of bacteria that eventually reach this site. 
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Figure 5 Splenocyte proliferation of turkeys at time intervals after 
primary intra-airsac inoculation. Turkey poults were given 10 5 CFU of 
APEC strain x7122nal R and in uninfected controls were given sterile 
saline via the same route. Re-stimulation assays were also performed 
after challenge at day 42. Splenocyte suspensions were separately 
stimulated with Concanavalin A (positive control; A) and strain 
x7122nal R soluble antigen (B). Five birds were sampled from each group 
at each interval * = P < 0.05; ** = P < 0.01 ; *** = P < 0.001 . 



Strain j7122nal R was capable of producing severe clinical 
signs typical of acute colibacillosis, including ataxia, dys- 
pnoea, rales and reduced response to stimulus, within 
24 h of infection of naive birds via the intra-airsac route 
with ca. 10 7 CFU, and is therefore fully virulent [this study 
and 21]. A close association between the reduction in 
clinical/pathological signs and the declining numbers 
of recovered APEC obtained in this study (Table 2) is 
consistent with previous data in intra-airsac infection 
models [10,11]. The model described here therefore pro- 
vides an opportunity to study the nature and consequences 
of adaptive immune responses following primary infection. 

Cytokine responses elicited by APEC infection in the 
lung were different from those in the liver. Though 
inter-animal variation in responses of outbred birds lim- 
ited conclusions to some extent, transcript levels for the 
signature Thl cytokine IFN-y were elevated at the site of 
primary infection on all days post-inoculation except day 
28 pi, albeit only significantly so on day 5 pi. Induction 
of a Thl response, though not formally proven by these 
data, would be consistent with the response expected for 
an intracellular pathogen. Though not statistically sig- 
nificant at all time-points sampled, transcripts encoding 
the pro-inflammatory cytokines IL-1|3 and CXCLi2 were 



up-regulated in the lung during the early phase of infec- 
tion. In contrast, an anti-inflammatory response was 
seen in the liver. Such strong responses are unusual in 
poultry, let alone in the liver, especially when the bac- 
teria were present in large numbers and clinical signs of 
infection were present. Consistent with this strong anti- 
inflammatory response, the regulatory cytokines IL-10 
and TGF-(34 were up-regulated, being statistically signifi- 
cant at most time-points post-infection. It remains to be 
determined if these responses are driven by the host or 
by the pathogen. 

Adaptive responses were measured to examine their 
association with protection against re-challenge. Though 
it is evident that APEC was rapidly controlled at the site 
of inoculation, it is unclear if the paucity of APEC in the 
liver, spleen and kidney of primed birds reflects control 
of bacteria that reached these organs, or absence of sys- 
temic translocation of the bacteria from the lung. Control 
of APEC at the site of inoculation could be partly attrib- 
uted to elevated APEC-specific IgA levels, as detected in 
the bile of protected birds. We determined IgA levels in 
bile rather than the lung, owing to the possible interfer- 
ence of APEC at the site of infection with ELISA tests 
using lung washes, in accordance with published literature 
[38,39]. Rising titres of IgY were also seen in serum from 
day 7 onwards. It is possible that these humoral responses 
induced by primary infection are associated with resist- 
ance to re-challenge, as passive administration of hyper- 
immune serum from birds immunised with inactivated 
APEC 078 aided bacterial clearance from the blood and 
opsono-phagocytosis in the liver [15,17,18]. Furthermore, 
passively transferred egg-yolk antibodies conferred resist- 
ance against APEC respiratory tract infection [40]. To 
assess if such immune serum could be bactericidal 
in vitro, we compared the net replication of APEC in 
immune and non-immune sera. Consistent with pub- 
lished literature [41-44], strain j7122nal was highly 
resistant to non-immune serum, with the net replica- 
tion over time resembling that when grown in LB broth 
(Figure 7A), but decreasing in the presence of immune 
serum. A similarity in the net replication of bacteria in 
both heat-inactivated immune and non-immune sera sug- 
gested that APEC-specific antibody was predominantiy 
enhancing complement-mediated lysis. The ability of im- 
mune serum to impair the net growth of an isogenic Arfb 
mutant indicates that antibody-mediated killing in the 
presence of complement is not strictly dependent on the 
O-antigen. 

Cell-mediated immunity was assessed by measuring sple- 
nocyte responses to re-stimulation with strain j7122nal 
soluble antigens. These responses were suppressed at sam- 
pling points when APEC was recovered from the liver and 
lung tissues (Figure 1). It is unclear whether the in- 
hibition of mitogen-activated lymphocyte proliferation 
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Figure 6 Antibody levels in APEC- and mock-infected birds following primary infection and after homologous re-challenge. The levels 
were measured by ELISA using different antigens; IgY levels against soluble x7122nal R antigens (A), IgY levels against 078 LPS purified from 
X71 22nal R (B) and IgA levels measured against soluble /71 22nal R antigens (C). At 0, 7, 14, 21, and 28 days post-primary infection, five birds per 
group were sampled and ten birds per group were sampled after re-challenge (day 42). The data in panels B and C reflect levels at post-mortem 
examination on day 42, one day after re-challenge. * = P < 0.05; ** = P < 0.01 . 



was a consequence of bacterial interference. To ex- 
clude the possibility that the lack of proliferative re- 
sponse was due to loss of cell viability, we performed 
a trypan blue dye exclusion test and confirmed sple- 
nocyte viability after stimulation (data not shown). 
Proliferative responses to the APEC antigens were seen in 
mock-infected birds at three days pi and subsequent time- 
points, suggesting non-specific stimulation or previous 
exposure to similar antigens. To test if this non-specific 
stimulation could have been caused by LPS (a non- 
specific mitogen), we separately stimulated splenocytes 
with purified LPS from E. coli serogoup 055:B5 and ob- 
tained a similar pattern of responses (data not shown). 
This suggested that the mock-infected birds could have 
been exposed to LPS of environmental or commensal 
E. coli. As earlier suggested, the lack of T cell responses in 
APEC-infected birds early after infection could be a con- 
sequence of bacterial interference. From day 14 onwards 
proliferative responses of splenocytes from the infected 
and control groups to soluble j7122nal R antigens were 



significantly different from each other (Figure 5B), sug- 
gesting the development of T cells specific to j7122nal R 
antigens. Such a pattern was not consistently evident 
in the ConA-stimulated splenocytes at these intervals 
(Figure 5A) since ConA is a non-specific mitogen. To 
the best of our knowledge, we are the first to report 
the induction of APEC-specific T cell responses after 
primary infection of turkeys and the significant eleva- 
tion of such responses relative to control birds may be 
associated, though not formally correlated, with the resist- 
ance of primed birds to re-infection. The extent to which 
such APEC-specific T cells comprise effector or memory 
populations requires further study. 

In conclusion, we describe a model of sub-acute APEC 
infection in turkeys in which a strain of a prevalent ser- 
ogroup was rapidly cleared and poults solidly protected 
against homologous re-challenge, in a manner associated 
with the induction of both cell-mediated and humoral im- 
munity. We recognise that further studies are required to 
establish the role of the responses observed, for example 
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Figure 7 Net replication of APEC strains in LB broth, immune 
and non-immune turkey sera. Viable counts of x7122nal R (A) and 
its isogenic Arfb mutant (B) were obtained over a 3 h incubation in 
immune, heat-inactivated immune, non-immune, heat-inactivated 
non-immune and LB broth. Bacterial counts were determined by 
sampling 20 uL of culture and performing serial 10-fold dilutions be- 
fore plating on Mac + Nal agar. The data represent the mean logio 
CFU ± standard error from three independent assays performed 
in triplicate* = P < 0.05. 



by passive transfer of antibody elicited by primary infec- 
tion, bursectomy or adoptive transfer or depletion of cell 
populations. Our study, nevertheless, provides a valuable 
model to examine the nature and consequences of avian 
responses to a key endemic pathogen, and provides evi- 
dence of adaptive responses that could be exploited 
in the design of strategies for control of colibacillosis 
in poultry. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

JRS and FD designed, conducted and supervised the experiments. FD, PK 
and MPS analysed and interpreted the data and wrote the manuscript. 
All authors read and approved the manuscript. 

Acknowledgements 

We gratefully acknowledge the support of the Biotechnology and Biological 
Sciences Research Council (BB/E001 859/1 and Institute Strategic Programme 
grants), the British Poultry Council (Turkey R&D Sector) and Aviagen Ltd. 

Author details 

'The Pirbright Institute, Compton, Newbury, Berkshire RG20 7NN, UK. 2 The 
Roslin Institute and Royal (Dick) School of Veterinary Studies, University of 
Edinburgh, Easter Bush, Midlothian EH25 9RG, UK. 3 Present address: School of 
Veterinary Medicine, University of the West Indies, St Augustine, West Indies, 
Trinidad and Tobago. 



Received: 15 August 2013 Accepted: 5 February 2014 
Published: 14 February 2014 

References 

1. Ewers C, Li G, Wilking H, Kiessling S, Alt K, Antao EM, Laturnus C, Diehl I, 
Glodde S, Homeier T, Bdhnke U, Steinriick H, Philipp HC, Wieler LH: 
Avian pathogenic, uropathogenic, and newborn meningitis-causing 
Escherichia coli: how closely related are they? Int J Med Microbiol 
2007, 297:163-176. 

2. Johnson TJ, Kariyawasam S, Wannemuehler Y, Mangiamele P, Johnson SJ, 
Doetkott C, Skyberg JA, Lynne AM, Johnson JR, Nolan LK: The genome 
sequence of avian pathogenic Escherichia coli strain 01:K1:H7 shares 
strong similarities with human extra-intestinal pathogenic £ coli 
genomes. J Bacteriol 2007, 1 89:3228-3236. 

3. Dho-Moulin M, Fairbrother JM: Avian pathogenic Escherichia coli (APEC). 
Vet Res 1999, 30:299-316. 

4. Dziva F, Stevens MP: Colibacillosis in poultry: unravelling the molecular 
basis of virulence of avian pathogenic Escherichia coli in their natural 
hosts. Avian Pathol 2008, 37:355-366. 

5. Fossum 0, Jannson DS, Etterlin PE, Vagsholm I: Causes of mortality in 
laying hens in different housing systems in 2001 to 2004. Acta Vet Scand 
2009, 51:3. 

6. Stokholm NM, Permin A, Bisgaard M, Christensen JP: Causes of 
mortality in commercial organic layers in Denmark. Avian Dis 2010, 
54:1241-1250. 

7. Harry EG: The survival of Escherichia coli in the dust of poultry houses. 
Vet Rec 1 964, 76:466-470. 

8. Toth TE, Seigel PB: Cellular defense of the avian respiratory tract: paucity 
of free-residing macrophages in the normal chicken. Avian Dis 1986, 
30:67-75. 

9. Ficken MD, Edwards JF, Lay JC: Induction, collection, and partial 
characterization of induced respiratory macrophages of the turkey. 
Avian Dis 1986, 30:766-771. 

10. Piercy DW, West B: Experimental Escherichia coli infection in broiler 
chickens: course of disease induced by inoculation via the air sac route. 
J Comp Pathol 1976, 86:203-210. 

1 1 . Pourbakhsh SA, Boulianne M, Martineau-Doize B, Dozois CM, Desautels C, 
Fairbrother JM: Dynamics of Escherichia coli infection in experimentally 
inoculated chickens. Avian Dis 1997, 41:221-233. 

12. Cheville NF, Arp LH: Comparative pathologic findings of Escherichia coli 
infection in birds. J Am Vet Med Assoc 1978, 173:584-587. 

13. Goren E: Observations on experimental infection of chicks with 
Escherichia coli. Avian Pathol 1978, 7:213-224. 

14. Vandekerchove D, De Herdt P, Laevens H, Pasmans F: Colibacillosis in 
caged layer hens: characteristics of the disease and the aetiological 
agent. Avian Pathol 2004, 33:1 17-125. 

15. Arp LH: Consequences of active or passive immunization of turkeys 
against Escherichia coli 078. Avian Dis 1 980, 24:808-81 5. 

16. Peighambari SM, Hunter DB, Shewen PE, Gyles CL: Safety, immunogenicity, 
and efficacy of two Escherichia coli cya/crp mutants as vaccines for 
broilers. Avian Dis 2002, 46:287-297. 

17. Myers RK, Arp LH: Pulmonary clearance and lesions of lung and airsac in 
passively immunized and unimmunized turkeys following exposure to 
aerosolized Escherichia coli. Avian Dis 1987, 31:622-628. 

18. Arp LH: Effect of passive immunization on phagocytosis of blood-borne 
Escherichia coli in spleen and liver of turkeys. Am J Vet Res 1 982, 
43:1034-1040. 

19. Provence DL, Curtiss R 3rd: Role of crl in avian pathogenic Escherichia 
coli: a knockout mutation of crl does not affect hemagglutination 
activity, fibronectin binding or curli production. Infect Immun 1992, 
60:4460-4467. 

20. Brown PK, Curtiss R 3rd: Unique chromosomal regions associated with 
virulence of an avian pathogenic Escherichia coli strain. Proc Natl Acad Sci 
USA 1996, 93:11149-11154. 

21. Dziva F, Hauser H, Connor TR, van Diemen PM, Prescott G, Langridge GC, 
Eckert S, Chaudhuri RR, Ewers C, Mellata M, Mukhopadhyay S, Curtiss R 
3rd, Dougan G, Wieler LH, Thomson NR, Pickard DJ, Stevens MP: 
Sequencing and functional annotation of avian pathogenic 
Escherichia coli serogroup 078 strains reveal the evolution of 

E. coli lineages pathogenic for poultry via distinct mechanisms. 
Infect Immun 2013, 81:838-849. 



Sadeyen et al. Veterinary Research 2014, 45:19 
http://www.veterinaryresearch.Org/content/45/1/19 



Page 12 of 12 



22. Kaiser P, Rothwell L, Galyov EE, Barrow PA, Burnside J, Wigley P: 
Differential cytokine expression in avian cells in response to 
invasion by Salmonella typhimurium, Salmonella enteritidis and 
Salmonella gallinarum. Microbiol 2000, 146:3217-3226. 

23. Powell FL, Rothwell L, Clarkson MJ, Kaiser P: The turkey, compared to the 
chicken, fails to mount an effective early immune response to 
Histomonas meleagridis in the gut. Parasite Immunol 2009, 31:312-327. 

24. Ewers C, Janssen T, Kiessling 5, Philipp HC, Wieler LH: Rapid detection of 
virulence-associated genes in avian pathogenic Escherichia coli by 
multiplex polymerase chain reaction. Avian Dis 2005, 49:269-273. 

25. Janflen T, Schwarz C, Preikschat P, Voss M, Philipp HC, Wieler LH: Virulence- 
associated genes in avian pathogenic Escherichia coli (APEC) isolated 
from internal organs of poultry having died from colibacillosis. Int J Med 
Microbiol 2001,291:371-378. 

26. Poh TY, Pease J, Young JR, Bumstead N, Kaiser P: Re-evaluation of chicken 
CXCR1 determines the true gene structure: CXCLil (K60) and CXCLi2 
(CAF/interleukin-8) are ligands for this receptor. J Biol Chem 2008, 
283:16408-16415. 

27. Gibson MS, Fife M, Bird S, Salmon N, Kaiser P: Identification, cloning, and 
functional characterization of the IL-1 receptor antagonist in the chicken 
reveal important differences between the chicken and mammals. 

J Immunol 201 2, 1 89:539-550. 

28. Beal RK, Powers C, Wigley P, Barrow PA, Smith AL: Temporal dynamics of 
the cellular, humoral and cytokine responses in chickens during primary 
and secondary infection with Salmonella enterica serovar Typhimurium. 
Avian Pathol 2004, 33:25-33. 

29. Dozois CM, Fairbrother JM, Harel J, Bosse M: pap-and p//-related DNA 
sequences and other virulence determinants associated with Escherichia 
coli isolated from septicemic chickens and turkeys. Infect Immun 1992, 
60:2648-2656. 

30. Mann HB, Whitney DR: On a test of whether one of two random variables 
is stochastically larger than the other. Ann Maths Stat 1947, 18:50-60. 

31. Smith HW, Cooke JKA, Parsell ZE: The experimental infection of chickens 
with mixtures of infectious bronchitis virus and Escherichia coli. J Gen 
Virol 1 985, 66:777-786. 

32. Suresh M, Sharma JM, Belzer SW: Studies on lymphocyte subpopulations 
and the effect of age on immune competence in turkeys. Dev Comp 
Immunol 1993, 17:525-535. 

33. Harry EG, Hemsley LA: The association between the presence of 
septicaemia strains of Escherichia coli in the respiratory tract and 
intestinal tracts of chickens and the occurrence of colisepticaemia. Vet 
Rec 1965, 77:35-40. 

34. Bumstead N, Higgins MB, Cook JK: Genetic differences in susceptibility to 
a mixture of avian infectious bronchitis virus and Escherichia coli. Br Poult 
Sci 1989, 30:39-48. 

35. Charleston B, Gate JJ, Aitken IA, Stephan B, Froyman R: Comparison of the 
efficacies of three fluoroquinolone antimicrobial agents, given as 
continuous or pulsed-water medication, against Escherichia coli infection 
in chickens. Antimicrob Agents Chemother 1998, 42:83-87. 

36. Peighambari SM, Julian RL, Gyles CL: Experimental Escherichia coli 
respiratory infection in broilers. Avian Dis 2000, 44:759-769. 

37. Dziva F: Deciphering the infection biology of avian pathogenic 
Escherichia coli: role of experimental infection models. In Current Research, 
Technology and Educational Topics in Applied Microbiology and Microbial 
Biotechnology, Series No. 2, Volume I. Edited by Mendez-Vilas. Spain: 
Formatex; 2010:746-753. 

38. Peppard JV, Rose ME, Hesketh P: A functional homologues of 
mammalian secretory component exists in chickens. Eur J Immunol 
1983, 13:566-570. 

39. Rose ME, Orlans E, Payne AW, Hesketh P: The origin of IgA in chicken bile: 
its rapid transport from blood. Eur J Immunol 1981, 11:561-564. 

40. Kariyawasam S, Wilkie BN, Gyles CL: Resistance of broiler chickens to 
Escherichia coli respiratory tract infection induced by passively 
transferred egg-yolk antibodies. Vet Microbiol 2004, 98:273-284. 

41. Ellis MG, Arp LH, Lamont SJ: Serum resistance and virulence of Escherichia 
coli isolated from turkeys. Am J Vet Res 1988, 49:2034-2037. 

42. Ellis MG, Arp LH, Lamont SJ: Interaction of turkey complement with 
Escherichia coli isolated from turkeys. Am J Vet Res 1989, 
50:1285-1289. 

43. Mellata M, Dho-Moulin M, Dozois CM, Curtiss R 3rd, Brown PK, Arne P, 
Bree A, Desautels C, Fairbrother JM: Role of virulence factors in resistance 



of avian pathogenic Escherichia coli to serum and in pathogenicity. 

infect Immun 2003, 71:536-540. 
44. Nolan LK, Wooley RE, Brown J, Spears KR, Dickerson HW, Dekich M: 

Comparison of a complement resistance test, a chicken embryo lethality 
test, and the chicken lethality test for determining virulence of avian 
Escherichia coli. Avian Dis 1992, 36:395-397. 



doi:1 0.1 1 86/1 297-971 6-45-1 9 

Cite this article as: Sadeyen et at: Analysis of immune responses induced 
by avian pathogenic Escherichia coli infection in turkeys and their 
association with resistance to homologous re-challenge. Veterinary Research 

201445:19. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www. biomedcentra I .com/su bmit 



o 



BioMed Central 



